Stress can either promote or impair learning and memory. Such opposing effects depend on whether synapses persist or decay after learning. Maintenance of new synapses formed at the time of learning upon neuronal network activation depends on the stress hormone activated glucocorticoid receptor (GR) and neurotrophic factor release. Whether and how concurrent GR and neurotrophin signaling integrate to modulate synaptic plasticity and learning is unknown.
INTRODUCTION
Stress modifies adaptive behaviors such as learning and memory (1). Glucocorticoids are a stress hormone that signal via the glucocorticoid receptor (GR) and can either promote or impair learning and memory (2). Whereas prolonged secretion of glucocorticoids during chronic stress disrupts learning and memory, its release at the time of learning may promote it (3). An acute rise in glucocorticoid levels at the time of learning stimulates the formation and stabilization of new dendritic spines, and eliminates synapses established before learning. New dendritic spines require protein synthesis, which is initiated in the neuronal networks targeted by behavioral experience (4-6). For example, motor learning instructs remodeling of dendritic spines in excitatory neurons of the motor cortex (7-9). Stabilization of new spine synapses forges new learning-induced connectivity that correlates with memory consolidation (10, 11) . However, the pathways and molecular mechanisms affecting spine stabilization during learning and memory in vivo are not understood.
Like glucocorticoids via GR, brain derived neurotrophic factor (BDNF) through its receptor TrkB stabilizes newly formed synapses and fosters learning and memory (12) (13) (14) .
BDNF is also critical for modulating the impact of stress in the corticolimbic and mesolimbic systems (15, 16) . Behavioral actions of glucocorticoids and BDNF are complementary, and play roles in avoidance, fear, coping, and impulse control (17, 18) . The influence on GR by the BDNF pathway likely relies on activity-dependent release of BDNF, which is reduced in a BDNF genetic variant Val66Met associated with impaired response to stress (19) (20) (21) . BDNF signaling through TrkB alters the GR transcriptome through changes in GR phosphorylation (GR-PO 4 ) and
can affect neuronal plasticity (22) (23) (24) . However, it remains unclear whether BDNF-dependent GR-PO 4 mediates the persistence of new spines associated with learning and memory, and if activity-dependent secretion of BDNF is also required.
Here we used two-photon in vivo microscopy of learning-associated dendritic spine remodeling to examine the effects of BDNF-dependent GR-PO 4 pathway in a newly developed GR-PO 4 deficient mouse and in a mouse carrying the Val66Met polymorphism of BDNF. We found that GR-PO 4 and BDNF secretion were both important for the formation and maintenance of new spines after learning through the synaptic recruitment of glutamate receptor GluA1. Our findings uncover an important mechanism for how acute glucocorticoids can direct cell-type specific response to store and retain new information upon learning. By turning off this mechanism, chronic stress impaired cell-type specific contextual GR response.
RESULTS

Timing and specificity of BDNF-dependent GR-PO 4 expression in motor cortex
The corticosterone-GR pathway is required for the acquisition of new motor skills (25), but its dependence on BDNF-dependent GR-PO 4 is unknown. To unravel this, we first assessed whether learning might affect GR-PO 4 using a rotarod learning paradigm. Mice were left untrained or trained for 2 days. Forty-five minutes after the training, both control untrained or trained mice were euthanized and expression in the cortex of GR-PO 4 at the BDNF-dependent sites (S152 and S284 in mice correspond to S155 and S287 in rat numbering scheme as previously described (23, 26)), as well as c-FOS as an index of neuronal response were determined by immunohistochemistry. Training increased the level of GR-PO 4 at S152 and S284
in motor areas of cortex compared to the untrained controls ( Figure S1A ). The thy1-YFP marked excitatory and parvalbumin (PV) inhibitory neurons are among the cell types exhibiting high levels of GR-PO 4 in M1 primary motor cortex ( Figure S1B ). Both cells types displayed increased c-FOS protein abundance upon training. Training also raised the percentage of cells harboring BDNF-dependent GR-PO 4 in all layers of the M1 cortex ( Figure S1C ). In fact, training also raised the proportion of cells double-labeled with GR-PO 4 and c-FOS ( Figure S1D ), and increased GR-PO 4 in PV and thy1 neurons (Figure S1E,F). Induction of GR-PO 4 was sitespecific (S152/S284 versus S234, Figure S1A ) and did not persist 24 hours post-training, similar to c-FOS in cortical areas relevant for motor skill learning ( Figure S1G ). Therefore, GR-PO 4 at BDNF-dependent sites increased with training in the motor cortex and is linked to neuronal c-FOS response.
Deletion of GR-PO 4 at BDNF-responding sites impaired motor skill retention
We next determined whether GR-PO 4 at the BDNF-dependent sites affected learning and memory as well as plasticity of dendritic spines. To do this, we generated a conditional allele of GR consisting of exon 2 harboring serine to alanine mutations in the BDNF-dependent GR-PO 4 sites S152A and S284A [sites S134 and S267 in human GR, and S155 and S287 in rat GR number ( Figure 1A) ]. Recombination into germ cells using the constitutive ROSA26-CRE mouse line resulted in the mutations stably transmitted to next generations ( Figure S3 ). Cortical tissue from the GR phosphorylation deficient knockin mouse (which we term KI) showed no staining with GR-PO 4 specific antibodies compared to littermate WT controls ( Figure 1B) . The same protein abundance of total GR was observed between the WT and KI mice ( Figure S4 ).
Likewise, mineralocorticoid receptor (MR) levels were unaffected in KI ( Figure S4 ). Therefore, the KI mutant mice eliminated GR-PO 4 without affecting the abundance of glucocorticoid receptors.
Deletion of the BDNF-dependent GR-PO 4 sites resulted in adult mice of normal appearance and body weight under standard, stressed or enriched living conditions. There was no significant difference between the KI and WT mice in their degree of anxiety (as measured by thigmotaxis and elevated maze) ( Figure S5A ,B), despair behaviors (as assessed by tail suspension and forced swim tests)( Figure S5C ,D) and locomotor activity when reared in standard living conditions as well as in stressful or in enriched environmental conditions ( Figure 1C ), previously showed to activate the corticosterone-GR pathway (27) . KI mice exhibited normal learning abilities of new motor skills on the rotarod but impaired retention of the task compared to WT littermates ( Figure 1D ). Retention of new rotarod motor skills was also impaired in WT mice if exposed to chronic unpredictable stress immediately after training during the consolidation period, whereas enrichment living had no impact ( Figure 1E ). This is consistent with the reduction of BDNF-dependent GR-PO 4 in motor cortex of mice reared in chronic stress ( Figure   1F ). What's more, training-induced c-FOS expression in the excitatory and inhibitory (PV) neurons was reduced in KI mice compared to WT controls ( Figure 1H ,I). The effect of the KI showed in specific layers of the cortex differently whether PV or NG cells, suggesting putative inter-layers network compensation in KI mice. Therefore, GR-PO 4 disruption impaired activation of M1 cortex as determined by c-FOS expression, and motor skill retention, which depend on BDNF and corticosterone (25, 28).
GR-PO 4 is required for the maintenance of new dendritic spines formed at training
Previous studies have shown that de novo spine formation and maintenance contribute to the storage of new motor skills by creating new synaptic connections in M1 region of the motor cortex (29). Therefore, we assessed how learning-associated spine formation in deep-layer excitatory neurons (thy1-YFP) varied with GR-PO 4 using transcranial 2-photon microscopy ( Figure 2A ). As expected, the majority of spines were stable such that only a small subset of spines was dynamic after training ( Figure 2B ). Rates of spine formation ( Figure 2C ) and elimination ( Figure 2D ) were undistinguishable between WT and KI mice when untrained. But after training KI mice exhibited reduced spine formation ( Figure 2C ) and excessive spine elimination ( Figure 2D ) that corresponded with a net decrease of total spine number compared to WT littermates ( Figure 2E ). Spine maintenance was also diminished in KI mice. This included both training-induced new spines and pre-existing old spines present before training ( Figure 2F ).
In fact, the more training-induced new spines that survived the consolidation period, the better the retention of motor skill performance ( Figure 2G ).
To ensure that BDNF-dependent GR-PO 4 effect on experience-dependent spine plasticity was cell autonomous in excitatory neurons of M1 cortex, we exclusively targeted this set of neurons by in utero electroporation ( Figure S6A -C). Substitution of endogenous GR with the PO 4 -deficient GR mutant as previously described (30), decreased spine formation and increased spine elimination in the layer 1 of M1 cortex after the training that is consistent with a net decrease of spine density observed in the KI mice. This indicates that the effect of GR-PO 4 is cell-autonomous.
Chronic unpredictable stress in WT mice decreased spine formation, increased spine elimination ( Figure S6D , E) during training, and reduced spine survival during consolidation period, thus mimicking the effect of the KI on spine dynamics, motor skills learning and memory.
KI mice showed net spine loss exaggerated with training and no further impact of chronic unpredictable stress on spine formation, elimination and consolidation ( Figure 2F , S6F). The lack of any additive effects between chronic stress and deletion of the GR-PO 4 sites on spine plasticity and indicates a functional redundancy of these pathways. This contrasts with the lack of effects of enrichment living on spine elimination, survival and motor performance ( Figure   2F ,G). Remarkably, enrichment living reversed spine formation defects in KI mice ( Figure S6D , E). However, this did not enhance motor retention because the new spines were unrelated to the training. This is in agreement with a role of BDNF-dependent GR-PO 4 on the maintenance of training-dependent new spines for better retention of motor performance ( Figure 2G ).
BDNF-Val66Met polymorphism recapitulated synaptic and motor defects of GR-PO 4 deletion
The BDNF-Val66Met polymorphism impairs activity-dependent secretion of BDNF and manifests as defective motor skill training in rodents and humans (28, 31) . This phenotype is similar to that observed in the KI mice. Therefore, we tested functional epistasis between KI and BDNF-Val66Met to determine whether both pathways converge during motor skills learning.
We found that BDNF-dependent GR-PO 4 was reduced in mouse carriers of the BDNF-Val66Met allele ( Figure 3A ). We then crossed heterozygous KI;thy1-YFP mice with heterozygous BDNF-Val66Met;thy1-YFP mice to obtain homozygotes. Four groups of mice: 1) WT, 2) KI, 3) M (BDNF-Val66Met) and 4) M;KI (KI::BDNF-Val66Met) were subjected to in vivo imaging of dendritic spines upon motor skill training. M mice exhibited normal acquisition but impaired retention of the motor task. Importantly, the M;KI double mutant mice showed no additional effect ( Figure 3B ). As expected, spine plasticity in the M mice was defective during training but was unaffected in the untrained groups ( Figure 3C ). Defects in spine elimination and spine survival in the M mice recapitulated that of the KI mice, with no additive effects in the M;KI double mutants ( Figure 3C ,D). Together, these results indicated that KI mice and M (with impaired activity-dependent BDNF secretion) have a reduction in their ability to stabilize the new training-induced spines and retain new motor skills. This is consistent with the convergence of both pathways towards new spine consolidation.
Poorer retention was consistent with weaker LTP in motor cortex upon GR-PO 4 deletion
Potentiation of excitatory synaptic transmission in the M1 motor cortex is required to acquire and retain new motor skills (32). To test whether KI mice showed defects in synaptic plasticity, we performed tetanus-induced long-term potentiation (LTP) 1 day post-training. LTP can be induced in WT and KI mice regardless of training ( Figure 4A ,B). After 3 consecutive tetanus stimulations, LTP saturated in the trained cortex of WT but not KI mice ( Figure 4B ,C).
These data suggested that training occluded LTP in WT but not KI mice ( Figure 4D ). In fact, LTP occlusion after serial inductions can predict retention of motor skills learning in rodents and humans (33) (34) (35) . In the KI mice, we find that LTP occlusion was weaker and retention was poorer compared to WT littermates ( Figure 4E ). This indicates that GR-PO 4 is essential for functional strengthening of M1 synapses post-training.
GR-PO 4 is required for synaptic mobilization of phosphorylated GluA1
Synaptic delivery of AMPA-type glutamate receptors is thought to contribute to LTP (36).
In motor cortex, skill training drives AMPA-type glutamate receptor subunit 1 (GluA1) to postsynapses, contributing to the dynamic changes of glutamatergic synaptic strength (32).
Therefore, we tested whether GR-PO 4 and training have an impact on GluA1 synaptic content and phosphorylation because these regulate AMPA conductance and synaptic strength (37, 38) .
We first determined if there was a difference in levels of synaptic GluA1 between trained and untrained groups. Synaptosomes were isolated from M1 cortex collected 45 min after training, and synaptic GluA1 levels determined using Western blot analysis ( Figure S7 ). Levels of GluA1
were similar in all groups. However, the level of GluA1 phosphorylation at S831 increased as a function of training in WT but not in KI mice. As GluA1 phosphorylation at this site have been linked to synaptic potentiation in M1 (39), its lack of increase post-training could reflect LTP defects observed in KI mice post-training.
We next investigated cell surface delivery of GluA1 using an established biotinylation assay in cultured cortical neurons ( Figure S8A and (40)). Avidin pulldown of biotin-tagged GluA1 newly inserted at the cell surface was detected by Western blot analysis ( Figure 5A ).
Upon co-stimulation of the BDNF and GR pathways, levels of GluA1 and its phosphorylation isoform were lower in neurons expressing GR-KI mutant compared to GR-WT ( Figure 5B ). This effect was specific of GluA1 ( Figure S8B ). These results suggest that GR-PO 4 at the time of training promotes the mobilization of synaptic GluA1. Does this permit the structural maturation and stabilization of training-dependent spines?
GR-PO 4 pathway is required for strengthening glutamatergic response post-training
Training-induced LTP occlusion has been previously associated with enlargement of dendritic spine heads in upper layers of motor cortex, a process dependent on glutamate (41).
Therefore, we tested the role of GR-PO 4 on glutamate-dependent structural maturation of dendritic spines in vivo. To this end, we used time-lapse imaging of dendritic spines and 2photon uncaging of MNI-glutamate directly into M1 cortex through a cranial window ( Figure   5C ). Glutamate uncaging on spine head causes its enlargement without affecting unstimulated neighboring spines ( Figure 5D ). Photo-stimulation of spines in absence of MNI-glutamate had no effect, confirming the specificity of glutamate uncaging response. In trained mice, the rate of glutamate-evoked spine enlargement was 79 ± 11% in WT and 59 ± 8% in KI. Glutamate-evoked spine enlargement is also slower in KI mice than in WT mice ( Figure 5E ). Thus, glutamate-induced spine maturation is weaker in KI mice than WT mice.
Pharmacological blockade of GR with RU486 administered immediately before training impaired the glutamate response of dendritic spines in WT controls, whereas in KI mice no further inhibition of the response was observed ( Figure 5F ). The lack of additive effects between the deletion of GR-PO 4 and GR inhibition indicated functional redundancy. In contrast, RU486 administered after training had no effect on the glutamate response of dendritic spines ( Figure   S9 ). This further indicates that BDNF-dependent GR-PO 4 at training is required for the strengthening of the glutamatergic response of dendritic spines after training.
DISCUSSION
Here we provide the first in vivo evidence for the dependence of GR-PO 4 on BDNF activity-dependent release for remodeling excitatory synapses in the cortex upon learning. Our study reveals that either the lack of GR-PO 4 induced by mutation of the BDNF-dependent phosphorylation sites, or decreased activity-dependent BDNF secretion modeled in the BDNF-Val66Met mutant reduced the survival of learning-associated new spines and impaired memory retention. Moreover, combining the BDNF-Val66Met with the GR-PO 4 mutant mice does not induce further deficits on spine maintenance and behavior as the single mutants, indicating that the effect of GR-PO 4 on spine dynamics occurs via BDNF. In agreement with this finding is an increase in GR-PO 4 in the motor cortex by motor skills training, and reduced sensitivity to corticosterone and stress in humans and mice with the BDNF-Val66Met allele (20, 42).
Our findings also shed light onto the molecular mechanisms underlying how information in the brain is stored (i.e. motor engram) in response to external stimuli including stress and enriched environment. We observed that chronic stress increased the turnover of spines in wild type but not in the GR-PO 4 deletion mice as both stress and GR-PO 4 deletion resulted a net loss of training-induced new spines in the cortex. This highlights the critical role of BDNF-dependent GR-PO 4 on the maintenance and connectivity of new training-induced spines within a motor engram. Our findings also predict that physical exercise and/or an enriched environment would promote spine maintenance in cortex by transforming the training-related new spines into a persistent pool of memory spines, and alleviate the impact of stress on the synaptic engram (43, 44) . Motor learning was also associated with an increase in the active phosphorylated form of the 1 0
GluA1 into synapses that stabilize and strengthen training-related newly formed spines and motor skill retention (37, 45). These effects were reduced in GR-PO 4 deletion mice and recapitulated by GR inhibition with RU486 or chronic stress, which diminished GR-PO 4 (46-48). Likewise, AMPAR inhibition with CNQX injection in M1 cortex reduced motor skill retention (32), suggesting that maintenance of the synaptic memory engram depends on GR-PO 4 signaling to AMPAR (25, 49) . Consistent with the effect of GR-PO 4 deletion, a stable deficit of motor skill retention was also found after ablation of Drd1-neurons in dorsolateral striatum (targets of L5 pyramidal neurons) during consolidation (50). D1/D5 antagonist or dopamine depletion in motor cortex increased spine elimination and decreased spine survival in motor cortex such as in the KI mice (51). In fact, D5 controls AMPA currents in motor cortex by promoting GluA1 phosphorylation such as GR-PO 4 (52, 53). The similarities with the effect of GR-PO 4 deletion suggest a putative link between GR-PO 4 and dopamine signaling that will need further studies.
Physiological consequences of the BDNF-Val66Met allele, like that of GR-PO 4 deletion, are revealed not in the basal state but in response to experience-driven increase of neural activity (28, 54) . This indicates that GR senses and responds to BDNF by selective GR phosphorylation that alters its activity and promotes learning and memory. Whether this reflects changes in GR genomic and/or non-genomic activity remains to be determined. Evidence obtained from RU486
injections indicate that GR-PO 4 signaling is required hours rather than minutes before dendritic spine mature via a glutamate dependent mechanism. Therefore, these effects depend on a slow process, likely genomic to consolidate new spines. This could have implications for the encoding and the persistence of new structural engrams required for adaptive plasticity that either translate to a new behavior or adapt to a changing environment (i.e. stress, learning, enrichment).
Our findings have also translational implications. Imbalances in the integration of BDNF-GR signaling axes would be predicted to trigger maladaptive processes that contribute to the pathophysiology observed in many neurological and other diseases (18, 24, 55, 56) . For example, glucocorticoid receptor insufficiency is associated with a state of low BDNF levels in diseases presenting an activated inflammatory system that is relevant for patients with major depression, schizophrenia, glucocorticoid resistance syndrome, Alzheimer's disease (57-60). Antidepressant therapies that successfully increase BDNF levels also correct GR-PO 4 and glucocorticoid receptor sensitivity (23, 61). GR-PO 4 has been suggested to be a mechanism contributing to glucocorticoid resistance in multiple disease models (62). Although a majority of GR-PO 4 sites is glucocorticoid-dependent (63), our data indicate that GR-PO 4 can also be glucocorticoidindependent. This implies that GR activity is influenced by contextual signals in addition to glucocorticoids (22, 26, 64 All authors approved the final manuscript and declare no competing interests. 
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